This study aims at the interpretation of the adverse effects of the secondary products in two types of rocks during their performance as concrete aggregates. Serpentinised peridotites contain serpentine, as the dominant secondary phase, which creates low microroughness on the particles and therefore unfavorable surfaces for cement paste to adequately adhere to. Moreover, its soft and platy nature contributes to the development of platy defects along the contacts of the aggregate particles with the cement paste. Poor adherence of the paste, failures along the contacts of the aggregate particles and potential propagation of the defects into the concrete during curing (and perhaps subsequently in-service) explain the poor performance of highly serpentinised rocks as concrete aggregates. Andesites show a different composition with a variety of secondary products including albite, chlorite, calcite, Fe-oxides and clay minerals. The role of all these products was investigated and it appears that only smectite is important, as even small amounts of it may be detrimental to the quality of the rocks as concrete aggregates. It is likely that abnormal hydration reactions and considerable swelling of the smectite result in the appearance of defects in the concrete, hence contributing to its low performance.
Introduction
Concrete is the most used man-made material and comprises a mixture of mortar, aggregates and water [1] [2] [3] [4] . Its fundamental component is a mixture of cement and water, which binds the aggregate particles together [1, 5, 6] . Usually, aggregate is considered as inert filler, which accounts for 60 to 80% of the volume and 70 to 85% of the weight of concrete. Natural coarse aggregates are various crushed rocks extracted from pits and quarries of different geological sources [7] . The capillary porosity of the aggregate particles is essential for the cohesiveness of the concrete, and thus it is an important factor for the final quality. Igneous rocks have very different capillary pores relative to the majority of sedimentary and metamorphic lithotypes; therefore, they are expected to show dissimilar behaviour [8] . Microstructural characteristics such as microroughness, mineralogical composition, structure and compressive strength comprise some critical factors for the quality and strength of the concrete [9] . The mineralogical composition of the aggregates and more specifically their degree of alteration strongly influence their mechanical behaviour and in-service performance [10] [11] [12] [13] . Increased percentages of certain secondary minerals, such as serpentine and talc, negatively affect the mechanical properties of ultramafic aggregates due to their smooth layers, cleavage and platy or fibrous crystal habit [14, 15] . However, other phases, such as quartz or spinel, may improve their strength due to the high hardness and absence of preferred planes of weakness [10, 15] . Clay minerals, which are not rare alteration products in volcanic rocks, (e.g., andesites, rhyodacites), show a high capacity to absorb and subsequently lose water, which is accompanied by swelling and shrinkage, respectively [16] . Therefore, the capacity of clay minerals to absorb large amounts of water, preferentially along their eminent cleavage, increases the demand of water in a concrete mix, which in turn may have a detrimental impact on the workability of concrete and hence lead to a weaker and more permeable hardened concrete. Generally, clays are also thought to reduce workability, due to their high surface areas and lamellar structure. Clay minerals have low strength and as a result, if they are present as a coating on aggregates, they might disrupt the paste-aggregate bond. For these reasons, it is of great importance to determine the presence of clay minerals in the aggregates [17] [18] [19] [20] [21] .
The aim of this study is to investigate how different alteration styles of serpentinites and andesites affect their mechanical properties, as well as how their performance as concrete aggregates is influenced.
Geological Setting
The Veria-Naousa ophiolite complex in northern Greece belongs to the Almopias subzone of the Axios geotectonic zone (Figure 1 ). It consists, from base to top, of serpentinised lherzolite and harzburgite, which are cut by scarce pyroxenite dykes, gabbro, diabase and pillow basalt [22] . Small bodies of pyroxenites occur within the serpentinised harzburgite, as well. This sequence is considered to be a remnant oceanic lithosphere, which has been emplaced onto Late Triassic-Jurassic platform carbonates of the Pelagonian Zone, during Upper Jurassic to Lower Cretaceous [23] [24] [25] [26] [27] [28] [29] . Serpentinised peridotites are least to moderately weathered and highly affected by tectonic processes, expressed by an intense network of joints. Rare rodingite dykes occur in these ultramafic rocks. Conglomeratic limestone, flysch and breccia limestone of Neogene to Quaternary age lie uncomfortably on the ophiolitic rocks. Granite to granodiorite intrusion is observed near Trilofos village. The eastern contact of the ophiolite with the Pelagonian carbonates is dominated by a cataclastic zone comprising diabasic fragments cemented with numerous random albitite veins. Pliocene volcanic rocks of the Almopias subzone, ranging in composition from trachyte to andesite with variable degrees of weathering, occur to the east of the ophiolitic complex. Nd/Sr isotopic data indicate that they are associated with melting of the mantle wedge in a supra-subduction zone regime [30] . Geological map of the Veroia sheet IGME [31] (modified after fieldwork and mapping by using ArcMap 10.1); black rectangle in the inset shows the study area.
Materials and Methods

Materials
Crushed aggregates from two different lithological types (serpentinites and andesites), which showed least weathering, from the Veria-Naousa region in central Macedonia were tested. Seven concrete specimens were prepared and tested from the same aggregates, using normal Portland cement (CEM II 32.5N), which is conformed to EN 197-1 [32] . Potable tap water, free of impurities such as salt, silt, clay and organic matter, with pH = 7.0, was used for mixing and curing the concrete. In order to keep a consistent composition for all the concrete specimens, we adopted the principle of maintaining the same volume of aggregate per m 3 of the mixture. The proportions of the concrete mixtures, by mass, were 1/6/0.63 cement, aggregate and water ratio.
Methods
Test Methods for Aggregates
The resistance to fragmentation of the crushed aggregates was tested using the Los Angeles (LA) abrasion machine, according to the LST EN 1097-2:2001 [33] . Uniaxial compressive strength (UCS) of the rock samples was examined on core cylindrical samples, according to the ASTM D 2938-95 [34] specification and the arithmetic mean value from six specimens of each sample was calculated.
The mineralogical and microtextural characteristics were examined in polished-thin sections with a polarising microscope, according to EN-932-3 [35] standard for petrographic description of aggregates. The bulk samples as well as their clay fractions (<2 µm) of the investigated samples were determined by powder X-ray diffraction (XRD), using a Bruker D8 Advance Diffractometer (Bruker, Billerica, MA, USA), with Ni-filtered CuK α radiation. The <2 µm clay fraction was separated by settling and dried on glass slides at room temperature. Random powder mounts were prepared by gently pressing the powder into the cavity holder. The scanning area for bulk mineralogy of the specimens covered the 2θ interval 2-70 • , with a scanning angle step size of 0.015 • and a time step of 0.1 s. For each <2 µm specimen, the clay minerals were scanned from 2 • to 30 • 2θ and identified from three XRD patterns (after air-drying at 25 • C, ethylene glycol solvation and heating at 490 • C for 2 h). The mineral phases were determined using the DIFFRACplus EVA 12 ® software (Bruker-AXS, Billerica, MA, USA) based on the ICDD Powder Diffraction File of PDF-2 2006 while the semi-quantitative analyses were performed by TOPAS 3.0 ® software (TOPAS MC Inc., Oakland, CA, USA), based on the Rietveld method refinement routine. The routine is based on the calculation of a single mineral-phase pattern according to the crystalline structure of the respective mineral, and the refinement of the pattern using a non-linear least squares routine. The quantification errors calculated for each phase according to Bish and Post [18] are estimated to be~1%, while the detection limit is 2%.
The surface texture of aggregate particles was studied in secondary electron images (SEI) according to BS 812 Part 1 [36] , which outlines six qualitative categories: glassy, smooth, granular, rough, crystalline, honeycomb and porous.
Test Methods for Concrete
Seven normal concrete cube specimens (150 mm × 150 mm) were prepared from the two different aggregate types, according to ACI-211.1-91 [37] . All parameters (aggregate size and ratios of water, cement and commercial carbonate sand) remained constant in all the concrete specimens. The aggregates were crushed and sieved through standard sieves and separated into the size classes of 2.00-4.75, 4.45-9.5, and 9.5-19.1 mm.
After 24h, the samples were removed from the mold and were cured in water for 28 days. Curing temperature was 20 ± 3 • C. These specimens were tested in a compression testing machine at an increasing rate of load of 140 kg/cm 2 per minute. The compressive strength of concrete is calculated by the division of the value of the load at the moment of failure over the area of specimen. The compression test was elaborated according to BS EN 12390-3:2009 [38] .
After the compressive strength test, the textural characteristics of concretes were examined. Polished-thin sections were studied in a polarising microscope according to ASTM C856-17 [39] .
Test Results
Mechanical Properties of Aggregates
UCS and LA values of the tested rocks display a wide variation even within the same lithology. UCS in the serpentinites ranges from 34.00 to 76.00 MPa showing a broad overlap with these values in the andesites ranging between 35.62 and 53.00 MPa ( Table 1) . The serpentinites and andesites show different LA values, which however are rather high in both rock-types. The serpentinites are less resistant with LA values ranging from 17.00% to 25.51%, whereas the andesites show LA values between 18.36% and 35.00% (Table 1) . 
Petrographic Features of Aggregates
Serpentinites
The serpentinites show mainly a cataclastic texture (Figure 2 ), due to intense brittle deformation and a variety of secondary textural features. Their primary modal mineralogical composition is less than 30% and includes relics of orthopyroxene, Cr-spinel, as well as rare olivine and scarce clinopyroxene (Figure 2a,b ). Orthopyroxene appears as subhedral porphyroclasts and most of them show exsolution lamellae of clinopyroxene, typical feature of upper mantle peridotites. Serpentine is the major secondary phase showing primarily typical mesh, as well as local bastite after orthopyroxene and ribbon textures (Figure 2c ). Chlorite and magnetite are also products of hydrothermal alteration of these peridotites. Magnetite commonly fills microcracks or rims of Cr-spinel crystals. Brittle deformation is expressed mainly by intense fragmentation of spinel, as well as by intergranular microcracks (Figure 2d ). 
Andesites
The collected andesite samples are vesicular and have a porphyritic texture with phenocrysts of plagioclase (up to 0.8 mm), K-feldspar, biotite and lesser clinopyroxene surrounded by a microcrystalline and amorphous groundmass (Figure 3a,b,c) . In places, flow structures can be observed. Local plagioclase phenocrysts are rimmed by sanidine. Plagioclase phenocrysts are optically zoned showing both normal and oscillatory reverse zoning (Figure 3d ). Accessory minerals commonly include apatite, titanite, zircon and magnetite. Alteration products in the andesites include clay minerals, albite, chlorite, Fe-oxides and calcite (Figure 3c,d) . Numerous intragranular cracks are present as a result of brittle deformation.
X-ray Diffractometry of Aggregates
The X-ray diffraction enabled us to identify the crystalline phases of the studied rocks. Representative XRD patterns of the samples are shown below (Figure 4) . In this case study, for the accurate identification of the type of clay minerals (contained in the studied andesite samples), the samples were size fractionated and studied after ethylene-glycol and thermal treatment ( Figure 5 ).
Bulk composition and clay minerals from the clay fraction were quantified using the Rietveld method ( Table 2 ). The obtained compositions are consistent with our petrographic observations under the polarising microscope.
Study of XRD patterns revealed the presence of illite in sample BE.88 and the presence of both illite and smectite-group minerals in samples BE.82 and BE.89. 
Surface Texture of Aggregates
The surface textures of aggregate particles were studied with the aid of secondary electron images (SEI). Differences in microroughness are apparent between the serpentinites and the andesites. Sample BE.133 is nearly completely serpentinised resulting in a smooth and vitreous surface texture (Figure 6a ). With decreasing alteration (i.e. decreasing contents of serpentine; see Table 2 ) the surface of the particles appears rough (Figure 6b ). This is explained by the platy and soft tendency of serpentine. The surface textures of the andesite particles are independent of their degree of alteration. All samples display rough surfaces, which are assigned to the presence of various phenocrysts (feldspars, biotites) with variable hardness and much different habits (and hardness) than their host glassy and brittle groundmass (Figure 6c,d) . Photomicrographs of representative tested concretes: (a), (b) bad cohesion between the cement paste and the serpentinite aggregate particle (sample BE.103, PPL, XPL); (c), (d) good cohesion between the cement paste and the serpentinite aggregate particle (sample BE.01, PPL, XPL); (e), (f) bad cohesion between the cement paste and the andesite aggregate particle (sample BE.82, PPL, XPL); (g), (h) good cohesion between the cement paste and the andesite aggregate particle (sample BE.88, PPL, XPL). Red lines constrain the contacts between aggregate particles and cement paste.
Test Results for Concrete
Results from the concrete testing are listed in Table 3 . The concrete specimens prepared with both serpentine and andesite aggregates do not show significant differences in their UCS values. Failure of the specimens made with the serpentinites range at stress from 25.00 to 30.00 MPa whereas those prepared with andesites show slightly lower strengths (but with a large overlap) at 23.00 to 27.33 MPa. The concrete specimen BE.01 was prepared with the least serpentinised aggregates. The tested concrete specimens were subsequently examined under polarising and scanning electron microscopes for the degree of cement hydration, microcracking and potential reaction products. Careful observation of the polished-thin sections revealed variable characteristics for the cohesion between the cement paste and the aggregate particles for both the serpentinites and andesites. Some places show microcracks (presumably developed after concrete UCS) along the interfaces between the cement paste and the aggregate particles, which are assigned to de-bonding while some others show good cohesion between the aggregate particles and the cement paste (Figure 7) .
Scanning electron microscopy was employed to elaborate the reasons for this variable behaviour. Backscattered electron images show that only biotite phenocrysts, from the andesitic aggregates, are strongly associated with the appearance of zones of weakness (Figure 8a,b) . Thus, the observed de-bonding is related to zones of higher concentrations of biotite, as the accumulation of weak zones have a profound effect on the cohesion of the concrete. A reaction zone of few microns thick is locally observed between the cement paste and serpentinite aggregates (Figure 8c,d) . Moreover, the serpentinite aggregate particles show platy separation surfaces, presumably controlled by the eminent cleavage of serpentine (Figure 8c ). Both these phenomena are proportional to the serpentine contents, as they are more frequent in the more serpentised samples and they are considered as the principal factor of de-bonding of the aggregates from the cement paste. (c) formation of a reaction zone and abrupt platy separation between a serpentinite particle and the cement paste in concrete specimen BE.133); (d) reaction zone between a serpentinite particle and the cement paste in concrete specimen BE.103. Abbreviations: bt: biotite, cp: cement paste, srp: serpentinite aggregate, z: reaction zone. Red lines constrain reaction zones formed between aggregate particles and cement paste.
Discussion
The Influence of Serpentinisation in the Performance of the Serpentinites
Mineralogical composition, textural features, degree of alteration/deformation and weathering are the main factors affecting the physico-mechanical properties of rock aggregates and consequently their suitability in industrial applications [40] [41] [42] .
Serpentinisation is an important geochemical process accompanying the formation of the ocean floor [43] . During this process, anhedral or squat crystals of olivine and pyroxene transform to serpentine, a laminate, soft mineral, which belongs to the phyllosilicate subclass of minerals and forms smooth surfaces [44, 45] . The influence of serpentine on the mechanical properties of aggregates has been investigated by several researchers [10, 14, 15, 40] who reported UCS and LA ranges from serpentinised peridotites and andesites similar to those documented in the present study. The commonest statistical method used for the determination of the correlations between the various engineering parameters of rocks is regression analysis [46] . In this case study, it appears that the increase of serpentine percentage in the studied serpentinites is accompanied by a simultaneous linear decrease of their UCS (Figure 9a ). Moreover, with increasing serpentine contents, their ability in the resistance of abrasion, attrition and grinding is reduced, as is expressed by the increasing LA values (Figure 9b ). This trend can be explained from the increased quantities of the soft and platy (or fibrous) serpentine grains, which also show an eminent cleavage, which contribute to the development of abundant zones of weakness. Regression analysis shows strong correlations between the mechanical properties of the aggregates (UCS and LA) and their abundance in serpentine (Figure 9a,b) . The validity of these correlations was tested with the aid of t-test and probability figure (p-value) . In spite of the small sample population, the absolute value of the t-test for the correlation of the serpentine contents in the rocks with their LA values is much higher than the critical t-table value, for a typical confidence level of 95% and even for higher confidence levels ( Table 4 ). The statistically significant correlation between the LA and the serpentine contents is further substantiated by the very low p-value for the same pair. The correlation of the serpentine contents in the rocks with their UCS values is weaker, as the relevant t-test value is smaller than the critical t-table value, for a confidence level of 95%, and the p-value is relatively higher than the arbitrary limit of p = 0.05 (Table 4) . However, we can reject the null hypothesis and consider the correlation valid, if we lower the confidence level at 90% (Table 4) . Strong correlations between serpentine contents and LA values in rocks are not unusual and have been reported from other studies (e.g., [15] ).
Unlike samples BE.103 and BE.133, which are highly serpentinised, sample BE.01 includes more relics of spinel, olivine and orthopyroxene crystals, which are rather uniformly distributed in the sample, as a result of its mesh texture. The preservation of a rough surface in this sample is attributed to the coexistence of these hard minerals with the soft serpentine, as well as to the more or less even distribution of them, due to the mesh texture. The concrete samples, which were prepared with less serpentinised aggregates, show a good cohesion under microscopic observation, unlike those which were prepared with highly serpentinised aggregates that contain numerous cracks and de-bondings between the aggregate particles and the cement paste. Presumably, the microroughness of the aggregate particles plays a very important role in the adherence of the cement paste. The high microroughness of the aggregate particles, which is related to the presence of less serpentine and to the differential hardness of their minerals, promotes bonding of the aggregates with the cement paste thus leading to higher quality concretes.
The Influence of Smectites in the Performance of Andesites
The andesite aggregates present variations of their mechanical properties. After searching different varieties, we found out that smectite plays the most important role in the performance of these rocks. Astonishingly, small increases in the presence of smectites cause detrimental effects in the strength and resistance of the andesites. Despite having few samples, clear excellent linear trends can be seen from the correlation of the smectite abundance in the andesites with their UCS (negative) and LA (positive) values, highlighting the detrimental effects of this mineral on the performance of the host rocks (Figure 9c,d) . The statistical significance of these correlations is appraised again using the t-test and the p-value. The significantly higher values of the t-test than the critical t-table, as well as the much lower typical 0.05 p-value of these pairs, for confidence levels even higher than the 95%, strongly suggest the validity of these relationships (Table 4 ). Illite appears to generally have a negative influence as well, but the correlations of its amounts with the mechanical properties of the andesites are moderate to poor (not shown). Clay minerals belong to the phyllosilicate subclass of the silicate minerals and are natural products of weathering and decomposition of igneous rocks [47] . The smectite group has a 2:1 structure (one octahedral layer sandwiched between two tetrahedral layers) and they have a net charge deficiency. This deficiency is normally balanced by cations (e.g., Na + , K + , Ca 2+ , Mg 2+ or H + ), which are adsorbed externally on their interlamellar surfaces. The most important smectites include montmorillonite, beidellite, nontronite, saponite and hectorite. The distinguishing characteristic of the smectites is their capacity to absorb water and other polar molecules which subsequently, cause their structure to expand in the direction normal to the basal plane. In this way, the minerals of the smectite group may swell up to 1500% [48] hence causing severe destruction to their host rocks. 
Impact of the Secondary Phases on the Concrete Quality
Textural features, mineralogical composition and degree of alteration of aggregate rocks are important, as they largely influence their performance in various industrial applications including concrete strength [7, 9, [40] [41] [42] . Figure 9e and f illustrate the correlation of the mechanical properties of the concrete specimens against those of their constituent aggregates. Strong, positive, linear correlation of the concrete UCS with the aggregate UCS and a significant, strong, negative, linear correlation of the aggregate LA with the concrete UCS are evident. However, only the first correlation is statistically significant, with the relevant t-test value much higher than the critical t-table value, as well as a very low probability (p-value < 0.05) at a confidence level of 95% and above (Table 4) . Very low t-test value and high p-value for the correlation of the LA of the aggregate with the UCS of the concrete does not allow us to reject the null hypothesis. The higher strength of the least serpentinised aggregates apparently resulted in the development of fewer cracks and weak areas, explaining the higher performance of the relevant concrete specimen (Figure 9e ). Microscopic observations confirm the fact that the concrete specimen, made with the least serpentinised aggregates, shows fewer defects and imperfections (Figure 7c,d) . On the contrary, abundant serpentine in the aggregate particles is considered as a detrimental factor, due to its phyllosilicate habit, which leads to de-bonding from the cement paste under stress. Also, flaws and cracks of highly serpentinised aggregate particles may be activated and expand during curing of the concrete, thus triggering defects and weaknesses in it. Moreover, smooth surfaces of the particles, due to low microroughness, do not favour strong adherence with the cement paste.
Microscopic observation reveals that the concrete specimen made with the smectite-free andesites shows better cohesion than the rest of the specimens (Figure 7g,h ). Unlike this, the rest of the samples display extended cracks and detachments along the rims of the aggregate particles with the cement paste (Figure 7e,f) . This is consistent with the fact that the concrete with the smectite-free andesite aggregates shows the highest UCS (Figure 9e) . The andesite particles show high microroughness, unlike the serpentinite ones, therefore the presence of clay minerals in them does not affect this factor and it cannot be a reason for the observed inadequate cohesiveness. A likely interpretation for this behaviour is the fact that water absorbance and swelling of smectites resulted in abnormal hydration reactions between the cement paste and the aggregate particles, as well as stress increase and hence instability after the concrete curing. Concrete fine aggregates with smectite, present significant losses of slump, increased water requirements and potential drying shrinkage volume changes due to the presents of this clay mineral [49] . On the other hand, kaolinite and illite are both non-swelling. These differences in the swelling characteristics of different clays are related to their chemical composition and structure [50] . Insignificant negative impacts of illite and kaolinite on the quality of the host rock and the concrete are confirmed from this study. However, small amounts of smectite play an adverse role in the quality of their host rock, as well as in the quality of the concrete specimens, which are prepared with them. 
Conclusions
The secondary products of serpentinites and andesites largely influence their mechanical properties, which definitely have an adverse effect on their performance as concrete aggregates. Increasing serpentine contents result in weaker and less resistant host rocks, as well as to the development of low to negligible microroughness of the aggregate particles. Subsequently, these features have a negative influence on their quality as concrete aggregates. Initial planes and zones of weakness, largely controlled from the excellent cleavage of the soft serpentine, are likely activated during curing (and apparently later in-service) and may expand in the concrete triggering flaws and cracks, thus lowering its quality. Less serpentinised rocks show better performance and moreover the differential hardness of the juxtaposed hard olivine, pyroxene and spinel (primary relics) with the soft serpentine promotes surface roughness, thus resulting in better adherence of the aggregate particles with the cement paste and better quality of concrete.
The existence of smectites in the andesites is detrimental, as even small amounts may cause severe damage. It is likely that smectites from the alteration of felsic minerals adsorb water during the preparation of concrete. Despite the fact that the aggregates always maintain a high microroughness, abnormal hydration reactions and the subsequent swelling of the smectites exert stress and cause defects and de-bonding between the aggregate particles and the cement paste. The combination of the petrographic analysis provides a useful tool for the selection of rocks suitable for the concrete production.
